A phase and amplitude, off -axis hologram has been synthesized from three computergenerated masks, using a multiple exposure technique.
RECORDING HOLOGRAM BY MULTIPLE EXPOSURE
The modulated grating hologram can be synthesized by a multiple exposure method as shown in figure 1.
Several fixed phase wavefronts are obtained from computer generated transmission masks, so the functions wn(x,y) must be real, positive functions.
Reconstruction is illustrated in figure 2.
The diffracted wave is now represented by the function w(x,y). If the fixed phase wavefronts are obtained from computer generated masks in the form of photographic plates, then we must deal with the problem of phase aberrations in the mask emulsions and substrates. Several methods for avoiding this problem were suggested in an earlier paper (1).
The method used in these experiments is illustrated in figure 3 . The mask is placed in contact with the hologram so that both waves suffer the same phase aberration and no net shift of the recorded grating occurs.
The resultant grating may be thought of as the superposition of two or three fixed phase gratings, each modulated in amplitude by its corresponding mask.
Several advantages over previous digital holographic techniques are apparent.
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The modulated grating hologram can be synthesized by a multiple exposure method as shown in figure 1. Several fixed phase wavefronts are obtained from computer generated transmission masks, so the functions w (x,y) must be real, positive functions. If the fixed phase wavefronts are obtained from computer generated masks in the form of photographic plates, then we must deal with the problem of phase aberrations in the mask emulsions and substrates. Several methods for avoiding this problem were suggested in an earlier paper (1). The method used in these experiments is illustrated in figure 3 . The mask is placed in contact with the hologram so that both waves suffer the same phase aberration and no net shift of the recorded grating occurs. The resultant grating may be thought of as the superposition of two or three fixed phase gratings, each modulated in amplitude by its corresponding mask. Several advantages over previous digital holographic techniques are apparent.
ELIMINATION OF PHASE ERRORS IN COMPONENT WAVES
ws lx,y) e 4)" 1) There is complete freedom in the choice of holographic medium. We are not confined to a thin amplitude medium or any special emulsion.
Choice of a high efficiency, low -noise medium such as dichromated gelatin will allow the synthesis of digital holographic spatial filters of exceptionally large dynamic range.
A photo-resist medium might be used if one is interested in making a surface relief digital hologram suitable for mass production by an embossing technique.
2) The basic grating is generated optically, relieving the computer of the burden of drawing details the size of each fringe. If the modulation function is slowly varying in comparison to the fringe spacing, this can result in considerable savings of computer time and plotter information capacity.
Large digital holograms may be synthesized with a moderate size graphic device.
The maximum theoretical spacebandwidth efficiency is obtained since one complex transmission coefficient may be specified for each resolution cell of a continuous tone graphic device. 3) By varying the shape of the recording wavefronts it is possible to incorporate any desired phase function in the hologram without re-computing the masks. The spherical waves shown in figure 3 will result in a hologram with a simple lens phase function. If the hologram is to be used in an optical processor. this will allow the elimination of one lens.
A simple analysis of the recording process for a thin amplitude medium is shown in figure 4 .
The amplitude transmittance of this ideal medium is assumed proportional to total exposure at each point (x,y). The desired complex transmittance term may be separated from the other terms if the spatial frequencies in the modulation function are small in comparison to the carrier spatial frequency.
As an example, consider the grating illustrated in figure 5 . The reconstruction consists of three waves. Wave 3 may be separated from the others if the spatial frequencies in the modulating function Mn2 are less than one half the carrier frequency K.
EXAMPLE
ws(x,y) = 1
wR (x)y) = i Kx
Holograms one inch square have been synthesized in dichromated gelatin using the
ELIMINATION OF PHASE ERRORS IN COMPONENT WAVES .'A AMPLITUDE TRANSMITTANCE OF HOLOGRAM :
V».y> s «£ M is the mask amplitude transmittance, w^ and WD are the recording wave amplitudes, and J.L-<)) is the phase shift for the n exposure. The final transmittance consists of three terms. The desired complex transmittance term may be separated from the other terms if the spatial frequencies in the modulation function are small in comparison to the carrier spatial frequency. 1) There is complete freedom in the choice of holographic medium. We are not confined to a thin amplitude medium or any special emulsion. Choice of a high efficiency, low-noise medium such as dichromated gelatin will allow the synthesis of digital holographic spatial filters of exceptionally large dynamic range. A photo-resist medium might be used if one is interested in making a surface relief digital hologram suitable for mass production by an embossing technique. 2) The basic grating is generated optically, relieving the computer of the burden of drawing details the size of each fringe. If the modulation function is slowly varying in comparison to the fringe spacing, this can result in considerable savings of computer time and plotter information capacity. Large digital holograms may be synthesized with a moderate size graphic device. The maximum theoretical spacebandwidth efficiency is obtained since one complex transmission coefficient may be specified for each resolution cell of a continuous tone graphic device. 3) By varying the shape of the recording wavefronts it is possible to incorporate any desired phase function in the hologram without re-computing the masks. The spherical waves shown in figure 3 will result in a hologram with a simple lens phase function. If the hologram is to be used in an optical processor* this will allow the elimination of one lens. A simple analysis of the recording process for a thin amplitude medium is shown in figure 4 . The amplitude transmittance of this ideal medium is assumed proportional to total exposure at each point (x,y). E is is the n^1 'exposure, T is the exposure time, As an example, consider the grating illustrated in figure 5. The reconstruction consists of three waves. Wave 3 may be separated from the others if the spatial frequencies in the modulating function M 2 are less than one half the carrier frequency K. Holograms one inch square have been synthesized in dichromated gelatin using the above method. The masks are generated on a photographic plate from a computer driven CRT device. This gives a mask with 1024 x 1024 samples, 256 density levels, and 25p sample spacing.
The experimental setup for generation of the holograms from the masks is shown in figure 6 . The fringe phase is shifted by a small rotation of a glass flat in one leg of the interferometer.
The required fringe stability is obtained by making the phase shifter part of a servo loop with the phase being controlled by a small replica of the hologram grating just behind the hologram plate.
The grating causes a mixing of the two waves and projection of large fringes onto a photodiode. A high frequency small amplitude oscillation is superimposed on the phase shifter driving signal, and this oscillation is detected in the photodiode current by a lock -in amplifier.
When the projected fringe intensity is minimum, the error signal will be null. Fig. 6 The phase of the fringes is set by a small displacement of the control grating, which is mounted on a differential spring translator.
GENERATION OF MODULATED GRATING HOLOGRAM
Fringe spacing at the hologram plane is 311, so a displacement of the control grating over this distance will result in 360° phase shift of the fringes. The grating translator is mounted directly on the block which holds the hologram plate, so as to minimize any error resulting from thermal gradients or mechanical stresses.
In order to test the phase errors introduced by the interferometer and the masks, several gratings were made with double exposures of equal magnitude and opposite 98 phase. The amplitude of the resultant grating will then be a measure of the phase error. (see Fig. 7 above method. The masks are generated on a photographic plate from a computer driven CRT device. This gives a mask with 1024 x 1024 samples, 256 density levels, and 25y sample spacing.
The experimental setup for generation of the holograms from the masks is shown in figure 6 . The fringe phase is shifted by a small rotation of a glass flat in one leg of the interferometer. The required fringe stability is obtained by making the phase shifter part of a servo loop with the phase being controlled by a small replica of the hologram grating just behind the hologram plate. The grating causes a mixing of the two waves and projection of large fringes onto a photodiode. A high frequency small amplitude oscillation is superimposed on the phase shifter driving signal, and this oscillation is detected in the photodiode current by a lock-in amplifier. When the projected fringe intensity is minimum, the error signal will be null.
phase. The amplitude of the resultant grating will then be a measure of the phase error, (see Fig. 7 ) Fluctuations in the laser beam intensity will also result in a non-zero grating, but this effect can be minimized by stabilizing the laser beam power. Fig. 6 The phase of the fringes is set by a small displacement of the control grating, which is mounted on a differential spring translator. Fringe spacing at the hologram plane is 3y, so a displacement of the control grating over this distance will result in 360° phase shift of the fringes. The grating translator is mounted directly on the block which holds the hologram plate, so as to minimize any error resulting from thermal gradients or mechanical stresses.
In order to test the phase errors introduced by the interferometer and the masks, several gratings were made with double exposures of equal magnitude and opposite A double exposure was made with an unexposed mask in place. The mask was inverted for the second exposure so that the effect of any phase aberrations would be doubled. It is apparent that the mask introduces a large phase error in the recorded fringes. Most of this error seems to be associated with surface deformations in the mask substrate on a scale smaller than can be seen on an interferogram of the substrate. The mask emulsion is assumed to contact the hologram emulsion. Two rays A and B will enter the mask substrate at slightly different points. Thus the phase error will depend on the thickness of the mask substrate and the polish on surface 1.
A thick substrate will require a better polish.
The masks used in these experiments were fabricated on 2" by 2" Kodak Precision Flat High Resolution Plates of the type used in semiconductor mask making.
The flatness of surface 2 is carefully controlled in these plates, but there is no specification on surface 1.
Several improvements in this apparatus could be made. The phase accuracy of the interferometer could be improved by replacing the differential spring translator with a capacitive micrometer or other means of producing accurate sub -micron displacements. The speed of response could be improved by replacing the glass phase shifter with a 99 lightweight mirror on a piezoelectric device. Improvement of the masks will require further testing of various substrates to find one with acceptable phase error. Dichromated gelatin was chosen as the medium for these holograms because its high diffraction efficiency and low noise make it a good candidate for applications requiring a large dynamic range, such as spatial filters. This is a more difficult medium to work with than ordinary photographic plates. Exposure times are much longer, and repeatability depends on the utmost care and uniformity of processing in the steps following exposure. The recipe used here is a modification of that presented by Graube (2) . Figure 11 shows the results of measurements made on three plates. The dashed line is the theoretical prediction for a linear medium.
FRINGE PHASE ERROR DUE TO MASK SUBSTRATE
The experimental points deviate from this line at maximum exposure due to saturation of the refractive index.
The curve deviates at low levels due to noise. The noise measurements are made with the detector aperture 8 milliradians off the main diffracted spot. The absolute level of the noise curve is a function of the detector solid angle and should not be taken as a fundamental characterization of this process. The noise power spectral density gmm2) (3) may be computed from these measurements. These levels are indicated alongside the noise curve.
Comparison of these gratings to several gratings made without a mask shows that the dominant noise source is the mask. These masks were generated using a computer driven CRT device at the JPL Image Processing Laboratory. The film used in this device (Kodak SO 272) is noisy by holographic standards. Figure 9 shows a photograph of the resultant grating. Measurements of the diffraction efficiency were made at several points in the central area of the grating of figure 9. The grating amplitude was computed as the square root of the diffraction efficiency. The mean and standard deviation for this set of points is plotted in figure 8 .
It is apparent that the mask introduces a large phase error in the recorded fringes. Most of this error seems to be associated with surface deformations in the mask substrate on a scale smaller than can be seen on an interferogram of the substrate. Figure 10 represents a small section of the mask and hologram. The mask emulsion is assumed to contact the hologram emulsion. Two rays A and B will enter the mask substrate at slightly different points. Thus the phase error will depend on the thickness of the mask substrate and the polish on. surface 1. A thick substrate will require a better polish.
The masks used in these experiments were fabricated on 2" by 2" Kodak Precision Flat High Resolution Plates of the type used in semiconductor mask making. The flatness of surface 2 is carefully controlled in these plates, but there is no specification on surface 1.
Several improvements in this apparatus could be made. The phase accuracy of the interferometer could be improved by replacing the differential spring translator with a capacitive micrometer or other means of producing accurate sub-micron displacements. The speed of response could be improved by replacing the glass phase shifter with a lightweight mirror on a piezoelectric device. Improvement of the masks will require further testing of various substrates to find one with acceptable phase error. Dichromated gelatin was chosen as the medium for these holograms because its high diffraction efficiency and low noise make it a good candidate for applications requiring a large dynamic range, such as spatial filters. This is a more difficult medium to work with than ordinary photographic plates. Exposure times are much longer, and repeatability depends on the utmost care and uniformity of processing in the steps following exposure. The recipe used here is a modification of that presented by Graube (2) . Figure 11 shows the results of measurements made on three plates. The dashed line is the theoretical prediction for a linear medium. The experimental points deviate from this line at maximum exposure due to saturation of the refractive index. The curve deviates at low levels due to noise. The noise measurements are made with the detector aperture 8 milliradians off the main diffracted spot. The absolute level of the noise curve is a function of the detector solid angle and should not be taken as a fundamental characterization of this process. The noise power spectral density $(mm2) (3) may be computed from these measurements. These levels are indicated alongside the noise curve.
Comparison of these gratings to several gratings made without a mask shows that the dominant noise source is the mask. These masks were generated using a computer driven CRT device at the JPL Image Processing Laboratory. The film used in this device (Kodak SO 272) is noisy by holographic standards. The high resolution plates were contact printed from this film, so it is to be expected that any grain noise in the original film will be transferred to the masks and recorded in the hologram.
Direct writing of the masks on a scanning microdensitometer would avoid this problem.
SUMMARY
A new method for synthesis of digital holograms has been presented.
Advantages include:
-Ability to make of axis holograms of large area with optimum use of plotter capacity. -Adaptability to any holographic medium, including media with very large dynamic range such as dichromated gelatin. -Flexibility in choice of lens or other phase function incorporated in hologram with no additional computation.
Disadvantages include: -Complexity of process, necessity for phase controlled inferometer. -On -axis hologram is impossible.
Possible applications are:
-Spatial filters of large dynamic range.
-Optical element for testing aspheric surfaces.
-Synthesis of other odd wavefronts.
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